Abstract Vascular endothelium is vulnerable to the attack of glucose-derived oxoaldehydes (glyoxal and methylglyoxal) during diabetes, through the formation of advanced glycation end products (AGEs). Although aminoguanidine (AG) has been shown to protect against the AGE-induced adverse effects, its protection against the glyoxal-induced alterations in vascular endothelial cells (ECs) such as cytotoxicity, barrier dysfunction, and inhibition of angiogenesis has not been reported and we investigated this in the bovine pulmonary artery ECs (BPAECs). The results showed that glyoxal (1-10 mM) significantly induced cytotoxicity and mitochondrial dysfunction in a dose-and time-dependent (4-12 h) fashion in ECs. Glyoxal was also observed to significantly inhibit EC proliferation. The study also revealed that glyoxal induced EC barrier dysfunction (loss of trans-endothelial electrical resistance), actin cytoskeletal rearrangement, and tight junction alterations in BPAECs. Furthermore, the results revealed that glyoxal significantly inhibited in vitro angiogenesis on the Matrigel. For the first time, this study demonstrated that AG significantly protected against the glyoxal-induced cytotoxicity, barrier dysfunction, cytoskeletal rearrangement, and inhibition of angiogenesis in BPAECs. Therefore, AG appears as a promising protective agent in the treatment of AGE-induced vascular endothelial alterations and dysfunction during diabetes, presumably by blocking the reactivity of the sugar-derived dicarbonyls such as glyoxal and preventing the formation of AGEs.
Introduction
Diabetes causes elevated blood glucose levels known as hyperglycemia [1, 2] due to the inability of insulin production or abnormal resistance to insulin action. Sugar aldehydes (glycoaldehydes), which arise from oxidative stress during hyperglycemia, react with amino groups of proteins and form cross links between proteins, known as the advanced glycation end products (AGEs) [3, 4] . The two most prominent reactive sugar aldehydes encountered during diabetes are glyoxal ( Fig. 1 ) and methylglyoxal [5] . The AGE precursors and AGEs themselves induce cellular damage and have been strongly linked to the development of complications during diabetes such as retinopathy, neuropathy, atherosclerosis, heart disease, and kidney failure [3, 6, 7] . Endothelium plays a pivotal role in the structure and function of the blood vessel and is involved in the vital functions including clotting, angiogenesis, inflammation, and regulation of blood pressure through vasoconstriction and dilation. Vascular endothelium is crucial as the selective barrier against circulating macromolecules and leukocytes between the blood and interstitium [8] . Experimental evidence supports that AGEs formed from glyoxal and methylglyoxal contribute to complications during diabetes and other diseases [7] . This is due to the affinity of glycoaldehydes and AGEs to bind to cellular macromolecules, most notably proteins, thus leading to the alterations in structure and function of the cell [9] . Recently, more attention has been paid to the compounds that are pharmacologically able to prevent the adverse effects of AGEs. They include aminoguanidine (AG), metformin, pioglitazone, angiotensin receptor blockers, angiotensin-converting enzyme inhibitors, pentoxyfylline, metal ion chelators (desferrioxamine and penicillamine), antioxidants (vitamin C or E), amino group capping agents (aspirin), enzymes that cause deglycation of Amadori products (amadoriases), compounds that mostly break adicarbonyl cross links (phenacylthiazolium bromide and its stable derivative ALT-711, Alagebrium), and derivatives of aryl ureido and aryl carboxaminido phenoxy isobutyric acids [9] . One of the most notable agents used to prevent the formation of AGEs is AG. Because of its ability to react with the dicarbonyl compounds, such as glyoxal and methylglyoxal, AG ( Fig. 1) is an effective blocker of AGEs [10] . AGEs present in circulation can impair the functions of the endothelium by causing cytotoxicity and cell death and lead to atherosclerosis [11, 12] . AG has been shown to scavenge glyoxal and therefore protects against AGEs [10] . However, detailed studies on the glycoaldehyde-induced adverse actions such as anti-angiogenesis, cytoskeletal alterations, and barrier dysfunction in vascular endothelial cells (ECs), at least in vitro, are lacking. In addition, pharmacological protection, offered specifically by AG against such glycoaldehyde-induced EC alterations, has not been reported.
Therefore, we hypothesize that the sugar-derived aldehyde, glyoxal, formed during diabetes causes endothelial dysfunction through cytotoxicity, barrier dysfunction, cytoskeletal alterations, and also causes inhibition of angiogenesis. Secondly, as AG is known to offer protection against AGE-mediated nephropathy during diabetes, we envision that AG protects against the glyoxal-induced cytotoxicity, cytoskeletal alterations, and inhibition of angiogenesis in vascular ECs [1, 10, 13, 14] . In order to test our hypothesis, in the current study, we utilized our wellestablished bovine pulmonary artery EC (BPAEC) system and investigated the glyoxal-induced cytotoxicity, cytoskeletal rearrangements, and barrier dysfunction. We also utilized the widely used EC Matrigel tube formation assay and investigated the effects of glyoxal on the in vitro angiogenesis. In addition, we also investigated the protective effects of AG on the glyoxal-induced EC dysfunctions and inhibition of angiogenesis.
The results of the current study established that the sugar-derived aldehyde and AGE precursor, glyoxal, formed during diabetes caused cytotoxicity, cell morphology alterations, cytoskeletal reorganization, barrier dysfunction, and inhibition of angiogenesis in vascular ECs in vitro, which were all effectively attenuated by the AG treatment.
Materials and methods

Materials
Bovine pulmonary artery endothelial cells (BPAECs) (passage 2) were obtained from Cell Applications Inc. (San Diego, CA). Fetal bovine serum (FBS), trypsin, minimum essential medium (MEM), and non-essential amino acids were obtained from Gibco Invitrogen Corp. (Grand Island, NY). Glyoxal, AG HCl, AG nitrate, N-acetyl-L-cysteine (NAC), meso-2,3-dimercaptosuccinic acid (DMSA), pyridoxamine dihydrochloride, L-carnosine, D-penicillamine, cysteamine, t-octylphenoxypolyethoxyethanol (Triton X-100), bovine serum albumin (BSA), 36 
Cell culture
Bovine pulmonary artery endothelial cells were cultured in MEM supplemented with 10% FBS, non-essential amino acids, antibiotics, and growth factor as described previously [15, 16] . Cells in culture were maintained at 37°C in a humidified environment of 5% CO 2 -95% air and grown to contact-inhibited monolayers with typical cobblestone morphology. When confluence was reached, cells were trypsinized and sub-cultured in T-75-cm 2 flasks or 17.5 or 35-mm tissue culture dishes. Confluent cells showed cobblestone morphology under light microscope and stained positive for Factor VIII. All experiments were conducted between 5 and 20 passages (75-90% confluence).
Cell treatment
Glyoxal was prepared by dissolving in PBS at 70°C and then diluted to desired concentrations in MEM. Other pharmacological agents were prepared directly in MEM to desired concentrations. Cells were then treated with MEM or solutions prepared in MEM as desired.
Cell morphology assay
Morphological changes in BPAECs grown in 35-mm dishes up to 90% confluence, following their exposure to different concentrations of glyoxal (0-10 mM) in the absence or presence of chosen pharmacological agents (0-10 mM) in MEM for 0-24 h at 37°C in a humidified environment of 5% CO 2 -95% air, were examined as an index of cytotoxicity. Images of cell morphology were digitally captured with the Nikon Eclipse TE2000-S at 209 magnification.
LDH assay of cytotoxicity
Bovine pulmonary artery endothelial cells were grown up to 90% confluence in 17.5-mm dishes (24-well culture plate) pretreated with MEM alone or MEM-containing AG (0-10 mM) for 1 h following which the cells were exposed to MEM-containing glyoxal (0-20 mM) for 4-24 h. At the end of incubation, supernatant was removed, the experiment was terminated with 1 N HCl, and LDH release was determined spectrophotometrically according to the manufacturer's recommendations (Sigma Chemical Co., St. Louis, MO).
MTT assay of cytotoxicity
Bovine pulmonary artery endothelial cells were grown up to 90% confluence in 17.5-mm dishes pretreated with MEM alone or MEM-containing AG (0-10 mM) for 1 h following which the cells were exposed to MEM-containing glyoxal (0-10 mM) for 4-24 h. At the end of incubation, MTT solution (10% of culture volume) was added and incubated for 3-4 h, the solution was removed, and MTT solvent was added in an amount equal to original culture volume. Absorbance of the reduced MTT was measured according to the manufacturer's recommendations (Sigma Chemical Co., St. Louis, MO).
[ 3 H]-thymidine incorporation assay for cell proliferation Bovine pulmonary artery endothelial cells were grown up to 70% confluence in 35-mm dishes. Complete medium was removed from the culture dishes and the treatment solutions were added to the dishes. The treatment medium was then removed and 1 ml of [ 3 H]-thymidine (1 lCi/ml) in MEM was added to each well and incubated for 24 h. After incubations, [ 3 H]-thymidine was removed and cells were washed twice with ice-cold PBS. Cells were then washed twice with 5% trichloroacetic acid (TCA) in distilled water. Washings of 5% TCA were then removed and the cells were treated with 10.25 M NaOH (500 ll) for 30 min to solubilize the cells. The solubilized cell solution (400 ll) was transferred to the scintillation vials followed by the addition of 10 ml of scintillation cocktail, and then the [ 3 H] radioactivity was counted in the Packard Tri-Carb 2900TR Liquid Scintillation Counter.
Fluorescence microscopy of actin stress fibers Formation of actin stress fibers as an index of endothelial cytoskeletal reorganization was analyzed by fluorescence microscopy. BPAECs grown on sterile glass coverslips (90% confluence) were treated with different concentrations of glyoxal, AG, or glyoxal ? AG following which they were rinsed twice with PBS and then fixed with 3.7% formaldehyde in PBS for 10 min at room temperature. The cells were then permeabilized with 0.5% Triton X-100 prepared in TBS containing 0.01% Tween-20 (TBST) for 2 min. The cells were then washed four times with PBS and treated with 1% BSA in TBST for 1 h. Actin stress fibers were visualized by staining the cells with rhodamine-phalloidin (1:50 dilution) in 1% BSA in TBST for 1 h. The cells were then rinsed four times with PBS to remove excess stain, stained with 1% DAPI in PBS for 5 min to visualize the nuclei following which they were washed four times with PBS, mounted, and then examined under Zeiss LSM 510 Confocal/Multiphoton Microscope at 543-nm excitation and 565-nm emission under 639 magnification. The images were captured digitally.
Immunofluorescence confocal microscopy of ZO-1 and AGEs Formation ZO-1 tight junction protein reorganization and formation of AGEs were analyzed by immunofluorescence confocal microscopy. BPAECs grown on sterile glass coverslips (90% confluence) were treated with different concentrations of glyoxal, AG, or glyoxal ? AG, then rinsed three times with PBS, and fixed with 3.7% formaldehyde in PBS for 10 min at room temperature. The cells were then rinsed with three times with PBS and permeabilized with 0.25% Triton X-100 prepared in TBS containing 0.01% Tween-20 (TBST) for 5 min. The cells were then washed three times with TBST and treated with TBST containing 1% BSA blocking buffer for 30 min at room temperature. 
Measurement of transendothelial cell electrical resistance
Bovine pulmonary artery endothelial cells were cultured in complete MEM on gold electrodes (Applied Biophysics Inc., Troy, NY) at 37°C in a humidified atmosphere of 5% CO 2 -95% air and grown to contact-inhibited monolayer with typical cobblestone morphology. TER of the BPAEC monolayer cultured on the gold electrodes was measured on an electric cell substrate impedance sensing system (ECIS; Applied Biophysics Inc., Troy, NY) following treatment of the cells with MEM containing the chosen concentrations of glyoxal, pharmacological agent (e.g., AG), or glyoxal ? pharmacological agent in a humidified atmosphere of 5% CO 2 -95% air at 37°C. The total endothelial electrical resistance, as measured across the EC monolayer, was determined by the combined resistance between the basal and/or cell matrix adhesion. TER measurements were done in triplicate and expressed as normalized resistance for each of the treatments.
In vitro endothelial cell tube formation assay for angiogenesis
In vitro angiogenesis assay was performed using our established Matrigel tube formation assay [17] . BPAECs were grown up to 80% confluence in complete medium (10% FBS, non-essential amino acids, antibiotics, and growth factor) in two separate flasks. Both flasks of cells were starved in minimal media (MEM) at 37°C for 30 min following which AG in minimal medium was added at a final concentration of 5 mM to one of the flasks and continued to incubate for an additional 45 min. During this time, 120 ll of growth factor-reduced Matrigel (BD Discovery Labware, Bedford, MA) was coated in the wells of a 48-well culture plate and placed at 37°C for 1 h to polymerize. The cells from both flasks were then trypsinized, centrifuged, washed, resuspended in minimal medium, and counted. BPAECs (2 9 10 4 ) that were not pretreated with AG HCl were added to 1 ml of rich medium containing glyoxal at a final concentration of 1 mM and then immediately transferred to the Matrigel-coated plate [rich medium ? glyoxal (1 mM)]. BPAECs (2 9 10 4 ) that were pre-treated with AG HCl were added to either 1 ml of minimal medium, or 1 ml of rich medium, or to 1 ml of rich medium supplemented with glyoxal (1 mM) or AG (5 mM) ? glyoxal (1 mM). The cells were then allowed to incubate for 12 h at 37°C and subsequently analyzed for the formation of tubes connecting one colony to the next. At the termination of the experiment, the medium was removed and the cells were fixed with 4% paraformaldehyde. Four digital images were captured per well at the same locations in each well, and the tubes were counted in a blinded fashion. The data represent n = 6 for each condition. The statistical analysis was performed using an ANOVA with SYSTAT12 software (San Jose, CA).
Statistical analysis of data
Standard deviation (SD) for each data point was calculated from triplicate samples. Data were subjected to one-way analysis of variance, and pair wise multiple comparisons was done by Dunnett's method with P \ 0.05 indicating significance.
Results
Glyoxal inhibits MTT reduction by endothelial cells
As glycoaldehydes form cross links with cellular macromolecules, we hypothesized that glyoxal would alter the mitochondrial activity and cause cytotoxicity in vascular ECs. Hence, we utilized the MTT assay, which is a widely accepted method to determine the mitochondrial activity of living cells by measuring mitochondrial dehydrogenase activity [18] [19] [20] . Glyoxal treatment of BPAECs caused a significant loss of MTT reduction in cells, indicating a decrease in cell growth and cell viability. Glyoxal caused a significant decrease in mitochondrial activity in a dosedependent manner (1, 5, and 10 mM) in BPAECs as compared to the same in cells treated with vehicle alone at 4, 6, and 12 h of treatment ( Fig. 2a-c) . With the increase in glyoxal concentration, significantly greater decline in the mitochondrial activity at the shorter time points (4 and 6 h) (Fig. 2a, b ) and less dramatic, but a significant decrease of the same at longer treatment time (12 h), were observed (Fig. 2c) . These data showed that the glycoaldehyde, glyoxal, caused a striking loss of mitochondrial dehydrogenase activity leading to cytotoxicity in ECs.
Aminoguanidine (AG) protects against glyoxal-induced inhibition of MTT reduction by endothelial cells
Aminoguanidine has been reported to offer protection against the AGE-induced adverse conditions [21] . Throughout this study, we chose two different widely used salt forms of AG (AG HCl and AG nitrate) to compare the efficacy of both anionic forms of AG in offering protection against the glyoxal-induced adverse cellular effects. Accordingly, here, we investigated whether AG (both AG HCl and AG nitrate) would attenuate glyoxal-induced decrease of mitochondrial activity (MTT reduction) in ECs. BPAECs were pretreated for 1 h with MEM alone or MEM-containing AG HCl or AG nitrate (1, 5, and 10 mM) following which they were cotreated with glyoxal (1 mM) for 6 h. Glyoxal alone caused a significant decrease in the mitochondrial activity, indicating a decrease in cell growth and viability. Both AG HCl and AG nitrate significantly and effectively inhibited the glyoxal-induced suppression of MTT reduction in BPAECs (Fig. 3a, b) . These results revealed that AG was effective in offering significant protection against the glyoxal-induced inhibition of mitochondrial function and cytotoxicity in vascular ECs.
Glyoxal induced LDH release by endothelial cells
As our above results showed that glyoxal caused significant loss of mitochondrial function, we further investigated the membrane damage and macromolecule leak from the ECs as an index of cytotoxicity. Release (leak) of cytoplasmic LDH is widely utilized to confirm cytotoxicity. Therefore, we investigated the glyoxal-induced LDH release from BPAECs as an index of cytotoxicity. Glyoxal at a dose of 1.0 mM caused a significant increase in LDH release from cells at 12 h of treatment as compared to the same in the control MEM-treated cells under identical conditions (Fig. 4) . Upon increasing the concentration of glyoxal up to 5 mM, although resulted in a significant increase in LDH release from BPAECs as compared to the same in the BPAECs (90% confluent), grown in 17.5-mm dishes (24-well culture plate) were treated with MEM alone or MEM-containing glyoxal (1, 5, and 10 mM) for a 4 h, b 6 h, or c 12 h and incubated at 37°C in a humidified environment of 5% CO 2 -95% air. At the end of incubation, MTT reduction (as an index of cytotoxicity) was determined spectrophotometrically as described under Materials and methods section. Data represent means ± SD of three independent experiments. * Significantly different at P \ 0.05 as compared to the cells treated with MEM alone control cells, the same was slightly lower than that was observed in cells treated with 1.0 mM glyoxal (Fig. 4) . These results confirmed that glyoxal significantly increased LDH release from BPAECs and hence the cytotoxicity in ECs.
Aminoguanidine (AG) protects against glyoxal-induced LDH release by endothelial cells
In the current study, our earlier experiments revealed that AG effectively attenuated the glyoxal-induced decrease of MTT reduction in BPAECs. Therefore, here, we investigated whether AG would attenuate the glyoxal-induced LDH release (cytotoxicity) in BPAECs. Glyoxal (1.0 mM) caused a significant increase in LDH release after 12 h of exposure of cells as compared to the same in the control cells treated with MEM alone. Treatment of BPAECs with both AG HCl and AG nitrate (1.0 mM) significantly and completely attenuated the glyoxal-induced LDH release from BPAECs (Fig. 5a, b) . These results established that AG protected against the glyoxal-induced cytotoxicity as evidenced from the attenuation of the glyoxal-induced LDH release from ECs.
Aminoguanidine (AG) protects against glyoxal-induced inhibition of [ 3 H]-thymidine incorporation by endothelial cells
The results of the above experiments in the present study clearly revealed that glyoxal caused cytotoxicity in BPAECs, which was effectively protected by AG. Therefore, here, we investigated whether glyoxal would cause loss of cellular replication and AG treatment would rescue the ECs from such insult. In order to investigate that, we adopted the investigate whether glyoxal would alter their ability to replicate and AG would protect the cells against such adverse effect. The results revealed that BPAECs treated with glyoxal (1, 5, and 10 mM) for 6 h exhibited a significant decline in the cellular DNA synthesis (Fig. 6a) indicating that glyoxal, in a dose-response fashion, drastically inhibited EC replication. However, treatment of BPAECs with both AG HCl and AG nitrate (1.0 mM) significantly restored the ability of cells to replicate under glyoxal (1.0 mM) treatment (Fig. 6b) , revealing that AG offered protection against the glyoxal-induced inhibition of cellular DNA synthesis and replication in BPAECs.
Aminoguanidine (AG) protects against glyoxal-induced alterations in cell morphology
Experiments conducted in the present study so far clearly revealed that glyoxal caused loss of mitochondrial function, cytotoxicity (LDH release), and loss of ability to replicate in ECs and all of these were effectively protected by AG. As the alterations in cell morphology are widely used as index of cytotoxicity, here, we investigated whether glyoxal would alter the cell morphology as an index of cellular structural alterations and cytotoxicity and if AG would protect against such alterations in ECs. Phase contrast microscopic images revealed that BPAECs treated with glyoxal (1.0 mM) exhibited the loss of cell morphology in a time-dependent manner (Fig. 7a) . After 6 h of treatment of cells with glyoxal, the loss of cell morphology and inhibition of cell growth were evident, and more striking changes in cell morphology were noticed as the time of treatment with glyoxal progressed up to 12 and 24 h. In addition, treatment of BPAECs with AG HCl and AG nitrate (5 mM) protected against the glyoxal-induced loss of cell morphology (Fig. 7b, c) . These results established that glyoxal caused complete loss of cell morphology and AG offered protection against such adverse effect in BPAECs.
Aminoguanidine (AG) protects against glyoxal-induced endothelial cell barrier dysfunction Earlier experiments of this study clearly established that glyoxal caused the complete loss of cell morphology which was totally rescued by AG treatment in BPAECs. This led us to hypothesize that the glyoxal-induced loss of cell morphology would lead to or indicative of the glyoxalinduced EC barrier dysfunction. As the EC barrier dysfunction reflects in the decrease in trans-endothelial electrical resistance (TER) [22] , here, we determined the glyoxal-induced decrease in TER and the protective effects of AG against such alterations in BPAEC monolayers on gold electrodes with the aid of Electric Cell Substrate Impedance Sensing (ECIS). Glyoxal (1-5 mM) induced a dose-and time-dependent decrease in TER in BPAEC monolayer ( Fig. 8a-I) . of treatment of cells with glyoxal (1-5 mM), a significant dose-and time-dependent (up to 10 h) decrease in TER was evident as compared to the same in the control untreated BPAEC monolayer (Fig. 8a-II) .
Having observed that glyoxal induced the loss of TER in BPAEC monolayer, we investigated whether certain established anti-AGE protective compounds including D-penicillamine, pyridoxamine, AG HCl, and AG nitrate would offer protection against the glyoxal (1 mM)-induced decline in TER in BPAEC monolayer. D-penicillamine (1 mM) exhibited slight but significant attenuation of the glyoxalinduced decrease in TER and upon increasing the concentration of D-penicillamine from 1 to 5 mM did not appear to enhance the extent of attenuation of the glyoxal-induced decrease in TER in BPAEC monolayer (data not shown).
We also investigated whether pyridoxamine, another pharmacological agent reported to protect against the AGE-induced adverse effects, would attenuate the glyoxalinduced decrease of TER in BPAEC monolayer. Pyridoxamine (3 mM) significantly attenuated the glyoxal (1.0 mM)-induced decline in TER in BPAEC monolayer at 6, 8, and 10 h of treatment (data not shown).
Earlier experiments of the present study revealed that both AG HCl and AG nitrate were effective in protecting against the glyoxal-induced cytotoxicity and cell morphological alterations. Therefore, here, we investigated whether AG in the form of HCl and nitrate would protect against the glyoxal-induced decrease in TER in BPAECs. As shown in Fig. 8b and c, both AG HCl and nitrate (3 mM) significantly and almost completely attenuated the glyoxal-induced loss of TER in BPAEC monolayer. These results established that AG protected against the glyoxalinduced EC barrier dysfunction as determined by the decline in TER in EC monolayer. Cytoskeleton plays a central role in the regulation of cell size and shape and motility [23] . Actin cytoskeletal reorganization in ECs under stress is known to contribute to the stress-induced loss of TER and barrier dysfunction in vascular EC monolayers [24] . Actin stress fiber formation in ECs during stress is a commonly recognized cytoskeletal response indicating the actin cytoskeletal reorganization [25] . Hence, we examined whether glyoxal would cause the actin cytoskeletal reorganization (stress fiber formation) and if AG would protect against such EC response. Glyoxal induced the formation of actin stress fibers in BPAECs in a dose-dependent (1-10 mM) manner at 4 h of treatment of cells (Fig. 9a) . The formation of actin stress fibers was intense with the increase in time of exposure (0-240 min) of BPAECs to glyoxal (1 mM) (Fig. 9b) . Fig. 8 Aminoguanidine (AG) protects against glyoxal-induced endothelial cell barrier dysfunction. BPAEC monolayers were cultured in complete MEM on gold electrodes and exposed to a MEM alone or MEM-containing glyoxal (1-5 mM), b MEM alone, MEM-containing AG HCl (3 mM), glyoxal (1 mM), or AG HCl (3 mM) ? glyoxal (1 mM), and c MEM alone, MEM-containing AG nitrate (3 mM), glyoxal (1 mM), or AG nitrate (3 mM) ? glyoxal (1 mM) for 10 h in a humidified atmosphere of 5% CO 2 -95% air at 37°C and the TER was measured continuously in an ECIS system as described under Materials and methods section. Inset I is a representative tracing of the normalized resistance values of three independent experiments conducted under identical conditions. Inset II is the graphical representation of the average normalized resistance values obtained from three independent determinations at specified time points. Values are represented as means ± SD from three independent determinations. * P \ 0.05 versus MEM-treated control cells. ** P \ 0.05 versus pharmacological agent-treated cells Furthermore, treatment of cells with both AG HCl and nitrate (5 mM) completely attenuated the glyoxal (1 mM)-induced actin stress fibers formation in BPAECs at 4 h of treatment of cells (Fig. 9c, d) . Overall, these results established that glyoxal induced the actin cytoskeletal reorganization and AG protected against such cytoskeletal response in ECs.
Aminoguanidine (AG) protects against glyoxal-induced tight junction alterations in endothelial cells
Tight junctions are highly crucial for the cell-to-cell contact and maintenance of tight barrier in EC monolayer [26] .
One of the important tight junction proteins, ZO-1, is a key player that contributes to the maintenance of cellular tight junctions [27] . Stress is known to alter the EC tight junctions through the alterations in ZO-1 protein [28] . Therefore, here, we investigated whether glyoxal would alter the ZO-1 protein organization and if AG would attenuate such alteration. As shown in 
Glyoxal-mediated in vitro formation of AGEs in endothelial cells
Glycoaldehydes such as glyoxal react with different amino acid residues of intact cellular protein targets resulting in the formation of AGEs (including the Amadori Products) which are identified as important players in causing adverse cellular functions [29] . Therefore, we envisioned that treatment of ECs with glyoxal would cause the in situ formation of AGEs and investigated this with the aid of anti-Amadori antibody immunohistochemical staining and confocal microscopy. BPAECs treated with glyoxal (1, 5, and 10 mM) for 4 h exhibited a dose-dependent formation of AGEs (Amadori Products) in cells (Fig. 11) . These results clearly revealed the intracellular formation of AGEs in ECs upon treatment with glyoxal.
Aminoguanidine (AG) protects against glyoxal-induced inhibition of in vitro angiogenesis in endothelial cells
Endothelial cells play an essential role in the formation and growth of new blood vessels from pre-existing vessels is known as angiogenesis. This process is important during growth and development, as well as wound healing, which is impaired during diabetes. As our earlier experiments of the current study demonstrated that glyoxal caused cytotoxicity, loss of cell morphology, decrease in TER, barrier dysfunction, and cytoskeletal reorganization, we hypothesized that glyoxal would also inhibit the angiogenesis. Therefore, we examined whether glyoxal would inhibit angiogenesis in vitro (tube formation on Matrigel) and AG would protect against such responses. The results showed that glyoxal (1 mM) almost completely inhibited tube formation in BPAECs on Matrigel (Fig. 12) . Furthermore, treatment of cells with AG HCl offered significant protection against the glyoxal-induced inhibition of tube formation in BPAECs (Fig. 12) . These results established that glyoxal inhibited angiogenesis in vitro in BPAECs and AG effectively rescued the cells from the glyoxal-induced inhibition of angiogenesis.
Discussion
The current study revealed that the glucose-derived oxoaldehyde (carbonyl), glyoxal, caused cytotoxicity, alterations in cell morphology, mitochondrial dysfunction, 
Glyoxal (1 mM) Control
Glyoxal (10 mM) Glyoxal (5 mM) Fig. 11 Glyoxal-mediated in vitro formation of AGEs in endothelial cells. BPAECs (90% confluent), grown in 35-mm dishes (6-well culture plate) on glass coverslips were pretreated with MEM alone or MEM-containing glyoxal (1, 5, 10 mM) for 4 h and incubated at 37°C in a humidified environment of 5% CO 2 -95% air. At the end of the incubation period, cells were stained as described under Materials and methods section and examined under confocal fluorescence microscope at a magnification of 639. Each digitally captured image is a representative picture obtained from three independent experiments conducted under identical conditions Fig. 12 Aminoguanidine (AG) protects against glyoxal-induced inhibition of in vitro angiogenesis in endothelial cells. BPAECs were grown up to 80% confluence in complete medium in two separate flasks. Both flasks of cells were starved in minimal media (MEM) at 37°C for 30 min and following that AG HCl (5 mM) in MEM was added to one of the flask and continued to incubate for an additional 45 min. The cells from both flasks were then added to the Matrigelcoated plate [Rich media ? Glyoxal (1 mM)] as described in the Materials and methods section. a BPAECs that were pre-treated with AG HCl were added to either 1 ml of minimal media (Minimal media), 1 ml of rich media (Rich media), or to 1 ml of rich media supplemented with Glyoxal (1 mM) [Rich media ? AG (5 mM) ? Glyoxal (1 mM)]. The cells were allowed to incubate for 12 h at 37°C and subsequently analyzed for the development of tubes connecting one colony to the next. The media was removed and the cells were fixed with 4% paraformaldehyde. b Four digital images were captured per well at the same locations in each well and the tubes were counted in a blinded fashion. The data represent n = 6 for each condition. The statistical analysis was performed using an ANOVA with SYSTAT12 software (San Jose, CA) cytoskeletal rearrangement, barrier dysfunction, inhibition of DNA synthesis and cell replication, and inhibition of angiogenesis in vascular ECs. The findings of this study also demonstrated that the known blocker of AGEs [10] , AG, attenuated the adverse effects caused by glyoxal, a known AGE precursor in ECs [30] .
The increasing incidence of Type 1 and Type 2 diabetes has had an extreme impact on morbidity and mortality around the world. Both types of diabetes lead to hyperglycemia because the body loses the ability to properly regulate blood glucose [31] . Hyperglycemia has been linked to microvascular diseases such as nephropathy, retinopathy, and neuropathy as well as macrovascular diseases such as coronary heart disease, stroke, and peripheral artery disease [32] . The major cause of endothelial dysfunction during diabetes is hyperglycemia [33] . During diabetes, high blood glucose levels lead to the formation of elevated concentrations of a-oxoaldehydes in circulation [34] . These highly reactive carbonyls bind to proteins, nucleic acids, and other molecules in the body, disrupting their structure and function, and leading to a variety of complications including vascular disorders, atherosclerosis, hypertension, and Alzheimer's disease [9] . The glucose-derived aldehydes eventually undergo a series of chemical rearrangements to form more stable and essentially irreversible AGEs [35] . AGEs have been linked to a vast number of complications during diabetes, one of the major concerns being its role in the pathogenesis of cardiovascular disease. Cross linking by AGEs leads to vascular stiffening and endothelial dysfunction [35, 36] . The mechanism of how these sugar-derived a-oxoaldehydes cause vascular EC dysfunction is not yet thoroughly understood [37] . Therefore, in this study, we focused on the alterations in the cultured vascular ECs, caused primarily by a glucose-derived reactive a-oxoaldehyde, glyoxal, that is formed during hyperglycemia.
Diabetes-associated complications have been shown to be associated with glycation of proteins by glucose [7] . Such glycation of proteins leads to the formation of Schiff's base and fructosamine adducts through a reaction of glucose with the N-terminal and lysyl side chain amino groups of proteins [7] and has been shown to play a role in the onset of diabetic nephropathy, neuropathy, retinopathy, and vascular diseases [7] . Experimental evidences suggest that a-oxoaldehydes such as glyoxal, methylglyoxal, and 3-deoxyglucosone may also arise from proteins while undergoing glucose-mediated glycation [7] .
Glyoxal has been shown to react with arginine to form the imidazolium and with lysine to form N-(carboxymethyl)lysine (CML), an AGE adduct [37] . It has been estimated that nearly 40-50% of the AGEs [N e -(carboxymethyl)lysine] are formed from a Schiff's base adduct originating from glyoxal [38] . By nature, glyoxal is a dicarbonyl and it undergoes reaction with two lysine residues in the proteins giving rise to dimers of glyoxal and lysine known as the cross links of protein glycinamide [39, 40] . Glyoxal has been shown to form adducts with the nucleic acids (DNA and RNA) leading to mutations, and aoxoaldehydes-mediated glycation has been implicated in diabetic vascular damage [37, 41] . Methylglyoxal, another species of oxoaldehyde, is reported to cause protein modifications under diabetes including the alterations of mitochondrial proteins in the diabetic kidney [42, 43] . Glyoxal has been documented to cause cytotoxicity, especially to hepatocytes through GSH depletion, mitochondrial dysfunction, and oxidative stress [37] . These reports reinforce our current findings that the glucose-derived aldehyde, glyoxal, caused cytotoxicity, altered cell morphology, loss of mitochondrial function, and inhibition of DNA and cell replication in BPAECs, probably through different mechanisms such as protein and DNA adduct formation, suppressed NADPH generation, mitochondrial dysfunction, and oxidative stress.
Vasculopathy during diabetes is known to play a causative role in several cardiovascular diseases [44] . AGEs have been linked with the development of diabetic vascular injury including an array of both macrovascular and microvascular complications involving the formation of AGE-mediated cross links in the basement membrane of the extracellular matrix through the receptor for AGE (RAGE) [45, 46] . Overall, diabetic vascular injury due to elevated glucose levels is attributed to the glycative, glyoxidative, carbonyl, and oxidative stresses [45, 47] . Rats receiving methylglyoxal have exhibited diabetes-like microvascular alterations and damage [48] . In patients with Type 2 diabetes, elevated levels of AGEs in serum, in association with endothelial dysfunction, have been observed [49] . Hyperglycemia has been shown to induce the formation of elevated levels of intracellular AGEs in the cultured ECs that is dependent on ROS [50] . AGEs exert their effects on vascular ECs by interacting with the RAGE and a lactoferrin-like polypeptide [51] . AGEs thereby mediate oxidative stress (lipid peroxidation) in the vascular ECs by interacting with the RAGE leading to altered gene expression and vascular abnormalities [52, 53] .
The underlying mechanism of diabetes-induced vascular endothelial dysfunction behind the diabetic vasculopathy is not thoroughly understood [54, 55] . Increase in endothelial permeability to macromolecules and cells (hyperpermeability) leading to vascular dysfunction and blood vessel leak is known to be associated with several pathological states including diabetes [56] . RAGE has emerged as an important player in the diabetes-associated microvascular and macrovascular complications [57] . AGE, through interaction with RAGE, has been shown to cause in vitro EC permeability increase and diabetic vascular hyperpermeability wherein oxidant-mediated mechanism plays a key role [56] . The oxoaldehyde, glyoxal, used in the current study apparently formed adducts with macromolecules such as proteins in BPAECs similar to that of AGEs formed during diabetes or hyperglycemia. This is also supported by our current finding in this study that glyoxal treatment of BPAECs led to the intracellular formation of Amadori products as revealed by the confocal immunofluorescence microscopy (Fig. 11) . Thus, the observed adverse effects caused by glyoxal in BPAECs in the current study might be due to the reactivity of glyoxal with EC proteins and/or formation of AGE-like adducts.
The sugar-derived carbonyls do contribute to the protein cross linking [58] , thus bringing changes in the protein structure and function. AGE-modified human serum albumin (HSA) has been shown to induce actin cytoskeletal reorganization and hyperpermeability in ECs [59, 60] . However, in the current study, we determined that the welldefined glucose-derived a-oxoaldehyde, glyoxal alone, was effective in inducing the cytoskeletal-and permeabilityaltering effects in ECs. Our current results were similar to those induced by treating ECs with the preformed AGEs or adducts of HSA-glucose oxidation products as shown earlier by Xiao-Hua et al. [59, 60] . Both glucose-derived oxoaldehydes and AGE-modified proteins do cause EC cytoskeletal rearrangement and hyperpermeability, probably sharing the common or different signaling pathways that need to be determined. Albumin-derived AGEs have been shown to disrupt the vascular EC junctions such as the cadherins and catenins which are associated with the increased EC permeability [61] . In the current study, we demonstrated that glyoxal induced the reorganization of the tight junction protein, ZO-1, in BPAECs suggesting that the glucose-derived a-oxoaldehyde was effective in altering EC tight junctions leading to the EC barrier dysfunction and hyperpermeability as revealed by the increase in TER in BPAEC monolayers.
Healthy status of the EC is highly central for angiogenesis and new vessel formation. Our results revealed that glyoxal inhibited in vitro angiogenesis (tube formation) from BPAECs in culture. The observed findings of the current study that glyoxal caused cytotoxicity, altered cell morphology, mitochondrial dysfunction, inhibition of cell replication, and cytoskeletal alterations clearly supported that such alterations probably were not favorable for the glyoxal-treated BPAECs to engage in angiogenesis. Glycated basic fibroblast growth factor (FGF-2), similar to AGEs found in hyperglycemia, has been shown to inhibit mitogenesis and capillary tube formation in the aortic ECs through the alterations of signal transduction pathways involving protein tyrosine kinases (PTyKs), mitogen-activated protein kinases (MAPKs), and tyrosine kinase receptors [62] . Also, oxoaldehydes have been shown to activate specific signaling pathways in vascular ECs involving several key kinases such as PTyKs, p38 MAPK, extracellular signal-regulated kinase, and JNK [63] . Along those lines, the role of PTyK and MAPK signaling pathways could be inferred in the glyoxal-induced inhibition of angiogenesis by BPAECs in the current study.
Glycation during hyperglycemic conditions and oxidative stress-mediated lipid peroxidation contribute to the formation of reactive carbonyl species (RCS) and induction of carbonyl stress [64] . During hyperglycemia, oxidation of glucose and lipid peroxidation have been shown to generate glyoxal that forms DNA adducts, such as the glyoxalated deoxycytidine and deoxyguanosine [41, 65, 66] . Methylglyoxal-modified fibronectin has been demonstrated to alter the retinal capillary cell viability [67] . These studies have established that glyoxals induce adduct formation and damage in cellular DNA and this could be the basis for the glyoxal-induced loss of cell replication and loss of [ 3 H]thymidine incorporation (cell proliferation) in BPAECs as observed in the current study. Glyoxal cytotoxicity to various cellular systems is documented but the underlying molecular mechanisms are yet to be unraveled [37] . Glyoxal cytotoxicity to hepatocytes has been linked with the GSH depletion, oxidative stress, and mitochondrial damage [37] . In another study while delineating the mechanism(s) of cytotoxicity in hepatocytes, glyoxal, up to a concentration of 10 mM has been attributed to oxidative stress caused by glyoxal [3] . Taking these studies into consideration, in the current study, oxidative stress could be considered as a possible player in mediating the cytotoxicity of glyoxal in BPAECs.
Glyoxal, up to 0.4 mM, has been demonstrated to cause apoptosis in the human embryonic lung epithelial cells [68] . In immortalized E1A-NR3 retinal cells, glyoxal, up to 0.8 mM concentration, has been shown to cause cytotoxicity, alterations in cell morphology, mitochondrial damage, and DNA damage in association with the formation of immunocytochemically detectable AGEs [69] . Another study with human keratinocytes has revealed that glyoxal at a dose of 10 mM causes enhanced nuclear proteasome activation due to glyoxidative stress [70] . This specific study also reported that glyoxal, in a dose-dependent manner from 10 to 30 mM, induces significant decline in keratinocyte proliferation with significant formation of CML in the cells. In this report, the authors have justified for using such high concentrations of glyoxal supported by their argument that the high concentration of glyoxal (10 mM) used in their study could be significantly decreased in the cells due to its enzymatic and non-enzymatic degradation prior to targeting the cell nucleus. Concurring with the arguments of Cevantes-Laurean et al. [70] , in our current study, we also used high concentrations of glyoxal (1-10 mM) in our BPAEC model and justified the use of those high doses of glyoxal for EC treatment by conceiving that although ECs in the current study were treated with high concentrations of glyoxal (1-10 mM), the levels of available glyoxal at the target sites could have been drastically lowered due to the formation of Schiff's base adducts, AGEs, and also enzymatic and non-enzymatic degradation. Glyoxal is also known to be metabolically detoxified by an enzymatic mechanism involving glyoxalase which converts glyoxal into glycolic acid [70] , which has been shown in several cellular models. However, glyoxal at higher concentrations has been shown to inhibit the glyoxal-metabolizing enzymes [3] . Although high concentrations of glyoxal well above the detected levels of glyoxal in diabetic conditions (*27.2 lg/ml) [3] were used in the current study, this is the first study reporting the glyoxal-induced alterations in vascular ECs leading to cytotoxicity, cytoskeletal alterations, and barrier dysfunction. Nevertheless, the reactivity of the a-oxoaldehydes including glyoxals, the steady-state levels of glyoxals, and the lack of an appropriate analytical technique to determine the levels of free glyoxals in cells and tissues should be considered while focusing on the choice of dose(s) of glyoxal in experimental studies.
Aminoguanidine is a therapeutic agent which scavenges carbonyl compounds through the reaction with a,b-dicarbonyl precursors, such as glyoxal, to form 3-amino-1,2,4-triazines and prevents the formation of AGEs [10] . In the current study, we did not observe the generation of ROS (as index of oxidative stress) in BPAECs upon treatment with glyoxal. Although the possibility of interference with the antioxidant enzymes such as catalase of BPAECs caused by glyoxal could very well prevail, it is conceivable that the observed protection offered by AG against the glyoxalinduced adverse effects in BPAECs could be due to the complexation (scavenging) of AG with glyoxal rendering the oxoaldehyde inactive. When AG (1 g/l) is administered through drinking water to diabetic rats, diabetes-associated tissue and AGEs as well as albuminuria and mesangial expansion in the kidney are attenuated [10, 71] . While studies have shown the effectiveness of AG in protection against AGEs in the kidneys, reports are lacking on the ability of AG to protect against the glyoxal-induced or AGE-induced vascular EC alterations. Also, we observed that AG HCl and AG nitrate alone at mM doses used in the current study did not cause any adverse cellular effects assuring that AG at pharmacological doses was safe in BPAECs in vitro. However, the current study revealed that AG protected against the glyoxal-induced EC dysfunction and anti-angiogenesis probably through complexing with glyoxal and rendering it inactive or less reactive (Scheme 1). AG, with its ability to protect the integrity and function of the endothelium against the sugar-derived oxoaldehyde and AGEs attack, has the potential for treatment of diabetic vascular endothelial disorders.
Scheme 1 Proposed mechanism of glyoxal-induced cytotoxicity, cytoskeletal reorganization, barrier dysfunction, and inhibition of angiogenesis in endothelial cells and aminoguanidine protection
